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Phosphatase Regulation of Heterotrimeric G protein Signaling in Arabidopsis Thaliana 
Abstract 
In the Arabidopsis thaliana heterotrimeric G protein signaling pathway, the 
phosphorylation of REGULATOR OF G PROTEIN SIGNALING (RGS1), leads to its 
internalization and subsequent activation of the G protein at the plasma membrane. A subset of 
kinases that phosphorylates this protein has been identified, so it is expected that an associated 
phosphatase(s) exists to act in the opposite direction. Phosphatases may reverse RGS1 
phosphorylation and endocytosis, resulting in RGS1 returning to the membrane and regulating 
the G protein. Five candidate phosphatases have been identified in a G protein interactome as 
potential interactors with RGS1. After genotyping t-DNA insertion alleles of the phosphatases to 
identify homozygous knockouts, an etiolated hypocotyl assay was performed as a way to 
compare G protein signaling activation of phosphatase mutants to wild type and an RGS1 
mutant, rgs1-2. Quantitative PCR was used to compare expression levels of phosphatase genes in 
mutants and wild type. The phosphatase mutants showed a similar elongated hypocotyl 
phenotype to rgs1-2 plants, indicating upregulated G protein signaling activity in both cases. 
These phosphatases likely function to downregulate the G protein signaling pathway possibly by 
removing phosphates from RGS1. These findings hold implications in understanding and 
manipulating hypocotyl elongation in Arabidopsis by giving insight into the molecular 
mechanisms that control phosphorylation of RGS1 and activation of G protein signaling. 
 
Introduction 
In both plants and animals, the heterotrimeric G protein signaling pathway enables cell 
communication, allowing organisms to respond to and alter behavior in the presence of certain 
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stimuli. In animals, G proteins are activated by an extracellular ligand binding to a seven-pass 
transmembrane protein, a G protein coupled receptor (GPCR). This binding induces a 
conformational change in the intracellular domain of the receptor so that it can now bind to the Gα 
subunit of a G protein. When it binds, inactive Gα loses affinity for the guanosine diphosphate (GDP) 
it was bound to, exchanging it for guanosine triphosphate (GTP) and converting Gα to an active 
form. This exchange also releases Gα from its other subunits, Gβ and Gγ, activating them. These 
active subunits can now regulate the levels of messenger molecules like cyclic adenosine 
monophosphate (cAMP), which amplify and relay the signal by recruiting downstream molecules 
and ultimately lead to enhanced or suppressed transcription of an effector gene (Urano et al., 2013, 
Chakravorty and Assmann, 2018). 
        In plants, the G protein pathway works differently. Arabidopsis thaliana is a small flowering 
plant that is widely used as a model system for G protein signaling due to its small size, large number 
of offspring, and short life span. Its small genome size enabled Arabidopsis to be the first plant to 
have its entire genome sequenced in 2000, making it an even more advantageous model organism 
(AGI 2000). Arabidopsis’ small size also makes it practical for investigating physiological effects 
of G protein signaling changes on an entire organism rather than a small group of cells. In 
Arabidopsis the number of proteins involved with G signaling is greatly reduced. In animals, there 
are over 800 GPCRs, twenty-three Gα subunits, five Gβ subunits, and twelve Gγ subunits, while in 
Arabidopsis there is one Gα and Gβ subunit and two Gγ subunits, making the Arabidopsis pathway 
more easily isolated and manipulated (Pierce et al., 2002, Wettschureck and Offermanns, 2005; Ma 
et al., 1990; Weiss et al., 1994; Mason and Botella, 2000, 2001; Trusov and Botella, 2016). Although 
many functional aspects of G protein subunits and signaling are conserved between Arabidopsis and 
animals, the activation of the G protein shows some differences. 
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In Arabidopsis, GPCRs do not exist and are therefore not required for activation. The Gα 
subunit instead spontaneously exchanges GDP for GTP, activating itself and the Gβ and Gγ subunits 
of the heterotrimeric protein. Although in an active state, Gα is still bound to a 7 pass transmembrane 
protein, the REGULATOR OF G PROTEIN SIGNALING (RGS1), so it is not free to initiate the 
signaling cascades that create defense mechanisms, stress responses, and proper root and seedling 
development for the plant (Urano et al., 2013). On the membrane, RGS1 activates the GTPase that 
hydrolyzes GTP to GDP, deactivating the G protein. This is crucial because the Gα subunit is now 
unable to spontaneously activate itself. When a ligand like D-glucose binds to the extracellular 
domain of RGS1, a conformational change occurs to the intracellular domain of the protein, releasing 
activated Gα to do work for the cell (Figure 1, Urano et al., 2013). At this point RGS1 is also 
phosphorylated by WNK Kinases and internalized within the cell. Since it is no longer at the 
Figure 1. Arabidopsis G protein Signaling Pathway. Without ligand stimulation, G is in equilibrium of binding GTP and GDP 
(top). When RGS is present at the membrane, it activates the GTPase that hydrolyzes GTP, shifting this equilibrium towards the 
inactive state where G is bound to GDP (bottom left). When a ligand binds to RGS, the resulting signaling pathway leads to 
phosphorylation of RGS by WNK kinase and endocytosis, leaving the G protein active and enabling downstream signaling 
(bottom right). A phosphatase may regulate RGS by dephosphorylation (Adapted from Urano et al., 2013). 
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membrane, RGS1 cannot accelerate the hydrolysis of GTP, so the G protein remains active (Chen et 
al., 2008).  
WNK kinases regulate this pathway by phosphorylating RGS1, leading to its endocytosis. If 
the kinase is not present, RGS1 cannot be phosphorylated and internalized, preventing activation of 
the G protein signaling. Since we know that there is a kinase acting in this pathway, it is highly 
plausible that an associated phosphatase is also acting to regulate RGS1 in the opposite direction to 
remove these phosphate groups (Jones et al., 2014). Knowing which phosphatase(s) is associated 
with Arabidopsis G protein signaling and how it regulates signaling could enable us to control 
cellular responses to stimuli. Since this pathway is conserved in mammalian species, this could have 
significant impacts in medicine, where regulating a cellular behavior could modulate the progression 
of certain diseases.  
In 2011, a project investigated interactions between proteins encoded by the Arabidopsis 
genome using a set of proteins from the G protein pathway as bait. This interactome yielded 
information on specific phosphatases that were confirmed to 
interact with RGS1 by the use of yeast two hybrid screens and 
bimolecular fluorescence complementation. The entire 
interactome database can be found at 
http://bioinfolab.unl.edu/AGIdb (Klopffleisch et al., 2011). 
Together, there were four phosphatase proteins in this 
database that showed interaction with RGS1: DUAL 
SPECIFICITY PHOSPHATASE 1 (DSP1), TYPE ONE 
PROTEIN PHOSPHATASE 8 (TOPP8), ABSCISIC ACID 
Figure 2. Diagram of a heterotrimeric Protein 
Phosphatase 2A (PP2A) protein, consisting of a 
structural A subunit, regulatory B subunit, and a 
catalytic C subunit. ATB is the alpha isoform 
of the B subunit and ATBis the beta isoform of 
the B subunit (Adapted from Xu et al., 2006).  
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INSENSITIVE 2 (ABI2), and PROTEIN PHOSPHATASE TYPE 2A (PP2A, now ATBα).  
PP2A is a widely conserved serine/threonine phosphatase that comes in both the heterodimer 
and heterotrimer form. The heterotrimer is composed of the structural A subunit, substrate specific 
B subunit, and catalytic C subunit, while the heterodimer is only composed of the A and C subunits 
(Farkas et al., 2007). The protein tested in the G protein interactome was ATBα, the alpha isoform 
of the B subunit (Figure 2). The alpha and beta isoforms are both composed of 5 similar WD40 
repeats, which are highly unlike all other isoforms of the B subunit, so the alpha and beta isoforms 
likely have comparable regulatory effects on G protein signaling (Farkas et al., 2007).  
Both ABI2 and TOPP8 are protein phosphatases that cause dephosphorylation events at 
serine and threonine residues (Farkas et al., 2007). ABI2 has been shown to negatively regulate 
abscisic acid (ABA) signaling in response to increased ABA by removing phosphate groups (Merlot 
et al., 2001). Discovered through Arabidopsis genome sequencing, TOPP8 is an isozyme in the type 
one protein phosphatase family, many of which are predicted to act in cell cycle regulation (Farkas 
et al., 2007).  Conversely, DSP1 is one of many dual-specificity phosphatases part of the protein 
tyrosine phosphatase (PTP) family which display varied enzymatic characteristics (Romá-Mateo et 
al., 2011). Although tyrosine phosphorylation is not well studied in plants, modifications to tyrosine 
phosphorylation may regulate plant stress responses and developmental processes. Additionally, 
PTPs like DSPs are responsible for inactivating mitogen-activating protein kinases (MAPK) and 
thus negatively regulating this signaling cascade (Shankar et al., 2015). 
Another phosphatase that acts in the MAPK signaling cascade is the MITOGEN-
ACTIVATED PROTEIN KINASE PHOSPHATASE 1 (MKP1), discovered through collaborators 
in Spain. MKP1 mutants, mkp1, were able to recover phenotypes of Gβ mutant, agb1, including its 
decreased defense responses and increased pathogen susceptibility (Escuerdo et al., 2018). The mkp1 
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plants also displayed some constitutive defense responses and resistances, suggesting that MKP1 
negatively regulates the G protein signaling pathway.  
These particular phosphatases that interact with RGS1 may regulate the G protein pathway 
by dephosphorylation of RGS1. Phosphorylation normally leads to internalization of RGS1, so 
dephosphorylation may do the opposite, localizing RGS1 back to the membrane so it can once again 
regulate G protein signaling. In this way, the phosphatases would be acting to negatively regulate G 
signaling by enabling RGS1 regulation of the G protein. One way to determine the role of 
phosphatases in G protein signaling is to use a reverse genetics approach: the phosphatase genes can 
be mutated to compare phenotypes of a plant with a functional phosphatase gene and one that is 
nonfunctional. Assuming there are no other miscellaneous mutations, a change in phenotype when 
a particular phosphatase is not present could reveal the role of that phosphatase. Once a phenotypic 
change is established for a phosphatase, multiple alleles of that phosphatase mutant can be tested to 
confirm that there are no extraneous factors interfering with results and the phosphatase is singularly 
producing the observed phenotype. The phosphatase that regulates 
RGS1 may result in RGS1 being unable to return to the membrane 
and therefore exhibiting a phenotype similar to the rgs1-2 mutant. 
A study by Chen et al. assessed the effects of G protein 
signaling on early hypocotyl growth and found that the G protein is 
responsible for hypocotyl elongation. The hypocotyl is the stem of a 
germinating seedling, that extends during early growth so that the 
seedling can reach light and continue growth. When seedlings are 
grown in the dark, they have an elongated hypocotyl because the seed 
is “searching for light,” as it would be doing in soil. This elongated 
Figure 3. Etiolated Hypocotyl 
Assay. RGS1 mutants exhibit an 
elongated etiolated hypocotyl 
phenotype and G subunit mutants 
exhibit a shortened hypocotyl 
phenotype compared to wild-type 
Col-0 (Chen et al., 2003). 
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dark-growth hypocotyl phenotype is called an etiolated hypocotyl. The etiolated hypocotyl assay 
was used to compare phenotypes of G protein signaling mutants (Chen et al., 2003). G proteins are 
involved with light sensing and hypocotyl elongation during early developmental stages, so G 
protein mutants elicit different hypocotyl phenotypes when etiolated (Xu et al., 2017). An RGS1 
mutant (rgs1-2) shows an elongated hypocotyl phenotype compared to wild-type (Columbia 
ecotype: Col-0), characteristic of upregulated G signaling. This shows that RGS1 is responsible for 
downregulating G protein signaling. Conversely, a Gα mutant, gpa1-3, displays a shorter hypocotyl 
phenotype to Col-0, providing further evidence that the G protein is promoting hypocotyl elongation 
(Figure 3, Chen et al., 2003,). By comparing phosphatase mutants’ phenotypes to these established 
phenotypes, it is possible to deduce the phosphatases’ regulatory effects on G protein signaling.  
 
Materials and Methods 
t-DNA Mutants 
Mutants were chosen to knock out phosphatase genes to give insight into that particular gene’s 
function. All mutants were ordered form the Arabidopsis Biological Resource Center (ABRC, 
www.arabidopsis.org/abrc). Phosphatase mutant alleles were chosen to have t-DNA insertions in 
coding regions of genes (Figure 4) and genotyped to confirm homozygosity.  
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DNA Extraction and Genotyping  
Excised leaves were added to 1.7 mL microfuge tube with 4 glass beads and 400L extraction 
buffer [200mM tris(hydroxymethyl)aminomethane pH 7.5, 250mM NaCl, 25mM 
ethylenediaminetetraacetic acid (EDTA), 0.5% sodium dodecyl sulfate (SDS). Tubes were 
agitated 30 seconds in an MP FastPrep-24 machine twice to lyse cells before being put on ice for 
15 minutes. Tubes were then centrifuged at 14,000 rpm for 3 minutes in an Eppendorf Centrifuge 
5424. The supernatant (~300L) was transferred to a new 1.7 mL microfuge tube. Isopropanol 
(300L) was added and tubes were inverted to mix and set at 25C for 2 minutes. Samples were 
centrifuged at 14,000 rpm for 5 minutes and supernatant was discarded. Ethanol (70%, 600L) 
Figure 4. Alleles and corresponding locations of T-DNA insertions of five candidate phosphatases. Red 
triangles represent insertion locations, light blue represents untranslated regions, dark blue represents coding 
regions, blue line represents introns, and red represents promotors (not to scale). 
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was added to wash, and samples were centrifuged again at 14,000 rpm for 3 minutes. The 
supernatant was discarded, and samples were air dried before being resuspended in 100 L 
sterile H2O.  
 
Genotyping was used to confirm homozygosity of t-DNA insertions in phosphatase genes of 
mutant alleles. A wild-type reaction was performed with forward and reverse primers 5’ and 3’ 
of t-DNA insertion to indicate presence of the wild-type phosphatase gene. A second reaction 
contained a left border primer complementing the t-DNA insertion and the reverse primer of the 
phosphatase gene to indicate presence of the t-DNA insertion (Table 1). A master mix of forward 
and reverse primers, dNTPs, MgCl2, Taq polymerase enzyme, and 10x buffer was added to PCR 
tubes containing phosphatase mutant DNA. Samples were amplified with PCR (MJ Research 
PTC-200 Peltier Thermal Cycler) and genotype was visualized with gel electrophoresis.  
 
RNA Extraction and cDNA Isolation 
Phosphatase mutants were grown on ¼  Murashige and Skoog medium, pH 5.7, 0.8% (w/v) 
agar, buffered with 0.05% (w/v) MES, and supplemented with 1% (w/v) sucrose for 1 week. 
Plant tissue was then flash frozen in liquid nitrogen and RNA was extracted using the Thermo 
Scientific GeneJET Plant RNA Purification Mini Kit (Reference: K0802, Thermo Fisher 
Scientific Inc. 2014). RNA concentrations were equalized and 1L Ambion 10x DNAse1 Buffer 
and 1L Ambion 10x DNAse1 (2U/mL) enzyme was added to samples. After 15 minutes at 
25C, 1L EDTA was added and samples were incubated for 10 minutes at 65C. Then 1L of 
Promega 500 ng/L oligo dT(15) primer (Reference: C110B) and 1L of 2.5 mmol dNTP mix 
was added and samples were incubated at 65C for 5 minutes. Samples were put on ice for 5 
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minutes, then 4L of 5x RT Buffer (Thermo Scientific) and 1L Maxima Reverse Transcriptase 
(Thermo Scientific 200U/mL, Reference: EP0742) was added to each. Samples were incubated 
at 50C for 30 minutes, then 85C for 5 minutes in a PCR Machine. 
 
Real Time qRT-PCR 
Primers were chosen to amplify a 200-300 bp amplicon 3’ of all t-DNA insertions (Table 1). 
TUBULIN 4 primers [Fwd: AGAGGTTGACGAGCAGAT; Rev: 
ACCAATGAAAGTAGACGC] were used as an internal control to account for amount or RNA 
extracted across mutants. A master mix containing SYBR, forward and reverse primers, dNTPs, 
MgCl, Taq polymerase enzyme, and 10x buffer was divided among the five different primer 
reactions to first perform primer optimization. Mixes were centrifuged and aliquoted to 
microfuge tubes containing 6L wild-type (Col-0) cDNA of different concentrations [1x, 10x, 
100x, 1000x]. This mixture was then aliquoted into three microfuge tube replicates per cDNA 
sample and primer. The plate was sealed and centrifuged to reduce air bubbles before being 
inserted into a qPCR Machine (MJ Research DNA Engine Opticon 2: Continuous Fluorescence 
Detector). After primer optimization, qPCR was repeated with cDNA from phosphatase mutants, 
rgs1-2, and Col-0 plants. Opticon Monitor software was used to export C(t) values and gene 
expression was calculated using the Delta-Delta cycle threshold Method (Livak and Schmittgen, 
2001) and fold induction results were calculated by normalization to Col-0. 
 
Etiolated Hypocotyl Assay 
An etiolated seedling assay (Chen et al., 2003) was used to characterize phosphatase mutants by 
exploiting an established elongated hypocotyl phenotype of dark-grown rgs1-2 seedlings. Col-0 
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seedlings served as a wild-type negative control and the rgs1-2 phenotype served as a positive 
control – the expected elongated hypocotyl phenotype. Seeds were vortexed in 70% ethanol, 
25% bleach, and H2O 3x to sterilize, then germinated on square plates with ½  Murashige and 
Skoog medium, pH 5.7, 0.8% (w/v) agar, supplemented with 1% (w/v) sucrose. After a four day 
stratification period, plates were light treated for four hours to induce germination, wrapped in 
aluminum foil, and covered to grow in the dark for ~64 hours. Hypocotyls were imaged with a 
Nikon digital camera (D40) against a black background and quantified with Fiji ImageJ (Figure 
5). Statistical differences between groups were established using a one-way ANOVA with post-
hoc test using a Bonferroni approach.  
 
 
 
 
 
Figure 5. Schematic of etiolated hypocotyl assay. Seeds were sterilized, plated, and cold-treated for a 4 day stratification period. 
After being exposed to light for four hours to induce germination, plates were wrapped in aluminum foil and grown for 3-4 days. 
Hypocotyl length was measured with Fiji ImageJ. 
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Table 1. Phosphatase Mutant Primer Sequences. Primers were ordered from Eton Bioscience Inc.  
 
 
 
 
Results 
Real Time qRT-PCR 
Quantitative PCR determines the amount of phosphatase gene transcript of mutants as a multiple 
of wild-type expression as a way to quantify mutant effectiveness (Figure 6). RNA and 
complementary DNA were isolated from phosphatase mutants and wild-type plants and analyzed 
Mutant Allele 
(Phosphatase 
Gene)  
Genotyping Left Border (LB) 
Primer of T-DNA 
Insertion 
qPCR 
LP RP LP RP 
SALK_01516
6C (ABI2) 
N/A N/A SALK LBb1.3: 
ATTTTGCCGATT
TCGGAAC 
GAACGGGGCTC
GTGTATTTGGT 
TTGCTGCAGGATGTTTT
CCTTCTCC 
SAIL_547_C1
0 (ABI2) 
TTCCTTCTCCT
CTTTTCTCCG 
TTGAT
CCGAG
ATCGA
TGAAT
C 
SAIL LB1: 
GCCTTTTCAGAA
ATGGATAAATA
GCCTTGCTTCC 
GAACGGGGCTC
GTGTATTTGGT 
TTGCTGCAGGATGTTTT
CCTTCTCC 
SALK_03208
0C (ATB⍺) 
N/A N/A SALK LBb1.3 CCAGAGCAAGC
AGGTCCTAAATC
GT 
GCTCGCAAGCCATTGCC
ACTTATAC 
SALK_09500
40C (ATB⍺) 
N/A N/A SALK LBb1.3 CCAGAGCAAGC
AGGTCCTAAATC
GT 
GCTCGCAAGCCATTGCC
ACTTATAC 
SALK_12518
4 (TOPP8) 
N/A N/A SALK LBb1.3 CGCTGGTGCGTT
ATTAAGCGTTG 
GCTTGAGCTGTGGAACC
GTGATATT 
SALK_07614
4 (TOPP8) 
ATTGCAATAG
TGCTCCCACT
G 
TGCTTT
AACGC
TCGTC
AAATC 
SALK LBb1.3 CGCTGGTGCGTT
ATTAAGCGTTG 
GCTTGAGCTGTGGAACC
GTGATATT 
WiscDsLox47
3B10 (DSP1) 
TTGTTTTGCA
AAACTGCAAA
G 
TTGCCT
TCAAT
ACCAA
ACTGG 
WISCDSLOX: 
AACGTCCGCAAT
GTGTTATTAAGT
TGTC 
CCGGCGAAGAA
CTTCACCTAATT
C 
TCAGTGCCATGCGGATT
TTATGG 
SAIL_116_C1
2 (DSP1) 
TTTGTTTTGC
AAAACTGC 
GTTTG
GTATT
GAA 
SAIL LB1 CCGGCGAAGAA
CTTCACCTAATT
C 
TCAGTGCCATGCGGATT
TTATGG 
 13 
to measure transcript levels. All phosphatase mutant alleles showed lower transcript levels than 
wild-type, but SALK_0950040C, an intron insertion allele, had transcript levels 83% of wild-type. 
ABI2 alleles, SALK_015166C and SAIL_547_C10 produced fold induction values of 19% and 1% 
of wild-type ABI2 gene expression, respectively. ATBɑ alleles, SALK_032080C and 
SALK_0950040C produced values of 38% and 83% of wild-type ATB expression, respectively. 
TOPP8 alleles, SALK_125184 and SALK_076144, produced fold induction values of 55% and 
22% of wild-type TOPP8 gene expression, respectively. DSP1 alleles, WiscDsLox473B10 and 
SAIL_116_C12, produced fold induction values of 47% and 25% of wild-type DSP1 expression 
(Figure 6). The decreased gene expression of the phosphatase mutant alleles confirms that there is 
a genetic difference between alleles that a phenotype discrepancy may be attributed to. The intron 
insertion allele [SALK_0950040C] did not display drastically diminished expression level. This 
may be because the T-DNA was spliced out with the intron before mature RNA formation, 
impacting transcript levels to a lesser extent. 
Figure 6. Quantitative 
RT-PCR results of 
phosphatase mutant 
alleles. Fold induction is 
a measure of gene 
expression level 
normalized to Col-0 
(wild-type; Columbia 
ecotype Arabidopsis) 
gene expression. Error 
bars represent standard 
deviation over a single 
replicate. 
*SALK_0950040C is an 
intron insertion allele, 
SAIL_116_C12 is a 
promoter insertion 
allele. 
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Etiolated Hypocotyl Assay 
The etiolated hypocotyl assay was used to explore phenotype differences in phosphatase mutants 
by examining their relationship to a unique phenotype of rgs1-2 mutants. G proteins regulate 
much of hypocotyl elongation during early growth, so it follows that mutants of G proteins show 
distinct phenotypes. A mutant of RGS1, the regulator of the G protein, shows an elongated 
etiolated hypocotyl phenotype, associated with upregulated G protein activity. Conversely, a 
mutant of the G protein  subunit shows a shortened hypocotyl phenotype, associated with 
downregulated G protein activity (Figure 3, Chen et al., 2003). These established phenotypes 
were used to reveal potential regulatory effects of phosphatases based on their respective mutant 
phenotype. Generally, the phosphatase mutant alleles resembled the hypocotyl lengths of rgs1-2, 
which were significantly longer than wild-type (Col-0). Seven of the eight mutants 
[SALK_015166C, SAIL_547_C10, SALK_032080, SALK_125184, SALK_076144, 
WiscDsLox473B10, SAIL_116_C12] showed significantly longer hypocotyls than Col-0. The 
hypocotyls of SALK_0950040C, an ATB intron insertion allele, were not significantly longer 
than Col-0. Additionally, six of the eight phosphatase mutants [SALK_015166C, 
SAIL_547_C10, SALK_032080C, SALK_076144, WiscDsLox473B10, SAIL_116_C12] had 
significantly longer hypocotyls than the rgs1-2 mutant (Figure 7). These results revealed 
similarities between phenotypes of RGS1 mutants and candidate phosphatase mutants, 
suggesting parallels in regulatory effects. 
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Figure 7. Hypocotyl lengths of 
phosphatase mutants. (a) 
denotes significant difference 
from WT at p<0.001. (b) 
denotes significant phosphatase 
hypocotyl length difference 
from rgs1-2 at p<0.001. 
Statistical significance using 
one-way ANOVA with post-hoc 
test using Bonferroni approach. 
Error bars represent standard 
deviation over six assays [Col-0 
n=104, rgs1-2 n=234, 
SALK_015166C n=114, 
SAIL_547_C10 n=115, 
SALK_032080C n=150, 
SALK_0950040C n=58, 
SALK_125184 n=183, 
SALK_076144 n=74, 
WiscDsLox473B10 n=169, 
SAIL_116_C12 n=120]. 
*SALK_0950040C is an intron 
insertion allele, SAIL_116_C12 
is a promoter insertion allele. 
 
Discussion 
Quantitative PCR was performed to measure levels of phosphatase gene expression and 
examine whether the t-DNA insertion alleles do in fact knock out transcript of the phosphatase 
gene. This involves using a fluorescent marker to quantitatively measure the amount of 
amplification of a small section of the phosphatase gene in question. The large t-DNA insertions 
in mutants may knock out or knock down phosphatase function, making phenotypic changes in 
mutants attributable to the candidate genes. Quantitative PCR results showed that the mutants did 
have lower transcript levels than Col-0 WT plants (Figure 6). The mutant that did not follow this 
pattern was an intron insertion allele [SALK_0950040C], which may indicate that the particular 
intron was spliced out before mature RNA production. As a result, cDNA produced from RNA 
would be mostly unaffected by the t-DNA insertion. The decreased transcript levels of other 
phosphatase mutants suggest that the t-DNA insertions produced effective mutants and could 
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cause any distinct phenotypes of mutants. Additionally, transcript levels of t-DNA mutants may 
not need to be zero relative to wild-type to be effectively knocking out protein function. It is 
possible that a t-DNA insertion in the coding region of a gene may produce normal gene 
expression based on RNA expression but still have loss of protein function.  
G protein signaling plays a large role in light sensing and enables seedlings to shoot through 
soil to find the light they need to develop. This is why dark-grown seedlings are longer and stronger 
than light grown seedlings (Xu et al., 2017). In G protein subunit mutants, abg1-1and gpa1-1, 
etiolated hypocotyls are shorter than those of wild-type seedlings, showing that the G protein is what 
modulates hypocotyl elongation (Chen et al. 2003). RGS1 downregulates the G protein, so it follows 
that a rgs1-2 mutant would have an elongated hypocotyl because G protein signaling is activated 
constitutively in these plants. The etiolated hypocotyl assay showed that the phosphatase mutants 
produced similar phenotypes to rgs1-2 mutant, so they are likely producing similar inhibition of 
RGS1 and constitutive G protein activity (Figure 7). The exception of this pattern was seen in one 
intron insertion allele of ATBα. If this mutant is ineffective and produces similar ATBα transcript 
levels to wild-type, it is logical that it is creating a phenotype similar to wild-type for that reason. 
The phosphatase mutants exhibited a similar phenotype to that of rgs1-2, meaning that the 
corresponding functional phosphatases likely upregulate RGS1 or downregulate G protein signaling. 
When RGS1 is phosphorylated by a kinase it is internalized, so when it is dephosphorylated it may 
return to the membrane to regulate the G protein. Since G protein signaling is responsible for 
hypocotyl elongation (Chen et al., 2003), in the rgs1-2 mutant, RGS1 is unable to regulate the G 
protein, resulting in an elongated hypocotyl phenotype. Similarly, in the phosphatase mutants, RGS1 
may not be able to return to the membrane and regulate the G protein, resulting in the elongated 
hypocotyl phenotype. This is also supported by early experiments examining RGS1-YFP in the 
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SALK_032080C mutant of ATBα, which showed little RGS1. This disappearance of RGS1 could 
be due to its degradation after building up from internalization, unable to return to the membrane 
without ATBα.  
           These experiments show that, in effective phosphatase mutants, TOPP8, ATBα, DSP1, and 
ABI2 may be regulating RGS1 in a way that downregulates G protein signaling. This is evident 
because the phosphatase mutants demonstrate upregulated G protein activity. Identifying the 
phosphatase(s) that regulate RGS1 would expand understanding of the molecular mechanism of G 
protein signaling in Arabidopsis. This would also generate the potential to control and manipulate G 
protein signal transduction through the phosphatases that control the pathway. Knocking down 
RGS1 increases G protein signaling and associated responses. Likewise, based on these experiments, 
knocking out a phosphatase that regulates RGS1 would produce a similar phenotype. G proteins are 
highly conserved across organisms, so this manipulation could be significant in agriculture. Because 
G proteins are responsible for hypocotyl elongation in early development, constitutive G signaling 
could enable various crops to shoot through and develop in more dense soil than before. 
 In the future, more experiments should be conducted to further examine the phosphatase(s)’ 
specific mechanism of regulation of RGS1. One direction involves investigating the physical 
interaction of RGS1 and candidate phosphatases in vivo with bimolecular fluorescent 
complementation or split luciferase. Another direction would be utilizing ligands to stimulate RGS1 
internalization and subsequent G protein activation. Internalization assays could be used compare 
RGS1 internalization in phosphatase mutants to wild-type after a stimulating ligand is added. 
Internalization could also be measured after the ligand is washed out to explore whether RGS1 is 
able to return to the membrane in phosphatase mutants. This would yield further insight into the 
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phosphatases’ role in RGS1 localization and endocytosis and how the phosphatases specifically act 
in the G protein signaling pathway.  
Finally, because some of the phosphatase mutants exhibit longer hypocotyls than the 
rgs1-2 mutants, the phosphatases may act on other signaling or metabolic processes that alter 
plant growth and development. To further investigate this, we could create double mutants of the 
Gα subunit (gpa1-3 and gpa1-4) and phosphatase mutants to see if the phosphatase mutant can 
rescue the short hypocotyl phenotype of the gpa1-3 and gpa1-4 plants (Figure 3). If the 
phosphatase mutants are able to rescue the short hypocotyl phenotype, then the phosphatases are 
likely not regulating hypocotyl elongation solely through G protein signaling, but may act on 
other signals for growth. This could provide a broader explanation of the phosphatases’ role in 
plant growth regulation and whether the effects seen are can be attributed solely to G protein 
overactivation.  
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